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Abstract. In this study, first we examine nanoparticle formation by femtosecond laser ablation 
under different experimental conditions.  The dynamics of the laser plume expansion is 
investigated and the possibility of primary nanoparticle formation is analyzed.  Then, we consider 
thermalization process in a background environment, diffusion-driven nucleation and longer scale 
nanoparticle aggregation/sintering.  In addition, laser-assisted fragmentation of nanoparticles is 
examined, which can play a particular role in the multi-pulse regime.  In this later case, 
nanoparticle size distribution results from an ensemble of processes thus revealing different 
particle populations.  Calculations are performed for metals under different background 
conditions.  The calculation results explain recent experimental findings and help to predict the 
role of the experimental parameters.  The obtained nanoparticles are also used to form 
nanostructures.  The performed analysis thus indicates ways of a control over the involved laser-
assisted techniques. 
Keywords: Femtosecond laser, nanoparticle formation, modeling 
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INTRODUCTION  
Ultrashort laser ablation is a unique tool for material nanostructuring and for 
nanoparticle synthesis [1,2].  This method provides possibilities of a very precise 
control over the laser processing.  In particular, by using laser ablation, nanoparticles 
with a controlled size can be formed from different materials.  
During last decade, numerous experiments have been performed, clearly 
demonstrating that in the case if femtosecond laser ablation, laser energy deposition 
induces an explosive ejection of a mixture of clusters and atoms [3,4,5,6,7,8] rather 
than an equilibrium surface evaporation.  Despite a large number of the experimental 
results, the theoretical understanding of the physical and chemical mechanisms 
leading to the formation of nanoparticles during femtosecond laser ablation is still 
lacking. 
To explain the experimentally observed processes, a number of analytical and 
numerical models have been proposed [9,10,11,12,3,13,14,15,16,17,18,19,20,21].  
Two extreme cases of either very low or relatively high background pressure are 
considered in most theoretical studies of laser plume expansion.  The plume expansion 
into vacuum can be described as self-similar adiabatic one with condensation 
phenomenon [22,23,24,25,26,27].  In the case of high background pressure, shock 
waves were shown to be produced during the plume expansion into background gases 
[28].  To describe plume expansion, a system of Navier-Stocks equations was solved 
providing a wealth of information about the first 1-2 microseconds of the plasma 
plume expansion.  Gas-dynamical models are, however, invalid if the velocity 
distribution of the ablated particles deviates from the Maxwellian distribution.  These 
models also hardly describe inter-component mixing.  As a result, they cannot be 
applied for delays longer than several microseconds.  Therefore, in more recent studies 
[29], at 1-2 µs the hydrodynamic calculations were switched to the Direct Monte Carlo 
simulations where no such hypothesis is used. 
To study femtosecond laser ablation, such approaches as molecular dynamics 
(MD), hydrodynamics (HD), and combinations with the direct simulation Monte Carlo 
method (DSMC) were proposed [30,31,32,33,34,35,36].  In particular, the MD-DSMC 
combination allows one to properly account for both the processes of cluster ejection 
and their following evolution during the laser plume expansion as a result of the gas-
phase collisions. 
Here, we focus our attention at the formation of metallic nanoparticles that have 
found many promising applications due to their unique plasmonic and chemical 
properties.  When femtosecond lasers are used, these particles can be produced even 
vacuum.  Nevertheless, very often either an ambient gas or a liquid is used in the 
modern nanoparticle synthesis techniques. 
MODELING AND DISCUSSION  
Nascent Ablation Plume and Primary Nanoparticle Ejection  
To model laser energy absorption, phase transitions, as well as to investigate such 
affects as shock and rarefaction wave formation in the target, two major approaches 
were used: (i) molecular dynamics (MD) simulations; and (ii) two-temperature 
hydrodynamics (HD).  Calculations performed with both of these numerical 
techniques (FIGURE 1) show that if ultra-short lasers interact with metallic targets, 
nanoparticles are formed and ejected at the very beginning of the nascent plume 
expansion.  In particular, one can observe that upon a typical femtosecond laser 
interaction, the target material is decomposed in a mixture of gas and particles.  
 
 
FIGURE 1 Femtosecond laser ablation of Cu.  Here, density maps are obtained by (a) - MD and (b) - 
HD models, F= 2 J/cm
2
 
 
Despite a good agreement between the results obtained with MD and HD, there are 
several discrepancies that can be explained by the differences between the equation of 
state used in the HD calculations and the material properties obtained due to the 
interaction potential used in MD simulations. 
The main advantage of the MD simulations is that there are no assumptions about 
thermodynamic equilibrium and no additional criteria are required to model phase 
explosion and material fragmentations.  These effects appear as a result of the 
calculated dynamics of the ensemble of the considered atoms based on the employed 
interaction potential.  Here, we use EAM potential of Zhakhovskii [37] that was 
verified in several papers by a comparison with the experiments [38].  In addition, MD 
simulations allow us to calculate particle size distribution and follow different plume 
populations.  A decreasing function with two different slopes is typically obtained in 
the size distribution at such short delays [39].  We note that this distribution is 
modified by such effects as nucleation, condensation, 
coalescence/aggregation/sintering and/or fragmentation occur at longer delays.  In 
what follows we will examine the role of these effects.  For this, longer simulations 
should be performed. 
Plume expansion: adiabatic expansion, plume stopping and 
thermalization.  Nucleation in one component and two-component 
systems  
As it was shown by both MD and HD calculations, the nascent femtosecond plume 
contains clusters and nanoparticles immediately after its formation, which should be 
taken into account in the plume expansion model.  For this, we perform Direct 
Simulation Monte Carlo (DSMC) calculations of a metallic plume dynamics in the 
presence of an inert background gas (Ar).  The initial conditions are defined by a 
parameterization of the corresponding MD calculations.  
When ablation takes place in the presence of a background gas, the ablated material 
is compressed and part of it is scattered back.  As a result, a typical mushroom-like 
shape is observed for atomic plume.  This effect affects nanoparticles only slightly 
[40].  FIGUREs 2, 3 show typical calculation results obtained in the presence of a 
background gas.  The spatial density distributions of atoms and clusters are shown 
separately for two different delays after the laser pulse.  Here, larger clusters were 
initially at the back of the plume.  The larger are the clusters the less pronounced is the 
stopping by the gas.  These results are consistent with the experimental findings of 
Amoruso et al. [40]. 
 
(a)                                   (b) 
     
 
FIGURE 2.  Calculated plume dynamics for the expansion in Ar gas at 300 Pa, (a) – density of 
atoms at t=0.55 µs,  (b) –density of clusters at t=0.55 µs 
 
(a)                                   (b) 
  
FIGURE 3.  Calculated plume dynamics for the expansion in Ar gas at 300 Pa, (a) – density of atoms 
at t=10 µs, (b) –density of clusters at t=10 µs  
 
The obtained results confirm that, for the given background pressure, plumes front 
starts experiencing a pronounced deceleration and practically stops at a certain delay 
(here, ~10µs). At the beginning, this effect is described by a so-called snow-plow 
model, then by the blast-wave (or, shock-wave) model, and at a later stage shock 
waves degenerate and, finally the plume species get thermalized and diffusion-driven 
regime enters into play.  In general, this effect starts when the mass of the adjacent 
background gas becomes comparable with the plume mass, or at a distance of [
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where M is plume mass; k is Boltzmann constant; Pb is the background pressure; Tb is 
temperature, and mb is the atomic weight of background gas species.  The estimation 
given by this equation is in good agreement with the calculated results shown in 
FIGURE 2.  
The corresponding nanoparticle size distributions are shown in FIGURE 3.  One 
can see that after a sufficient delay, a peaked distribution appears instead of the 
decreasing function. 
 
 
FIGURE 3.  Size distributions calculated by using MD-DSMC model in the presence of 300 Pa of Ar 
 
At distances shorter than Lf, plume expansion is free, and the metallic plume 
behaves as one component gas and can be described as an adiabatic process.  If 
nucleation occurs, it is described by the supersaturating ratio, where saturation 
pressure is given by the Clausius–Clapeyron equation  
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where Ptot =P is metallic vapor pressure in the case of one-component adiabatic 
expansion; and Q is the vaporization heat.  Typical estimation results obtained by 
using these equations are presented in [35].  These estimations are valid only until the 
delay determined by the beginning of the efficient mixing between the plume and 
ambient species (t~1-10 µs).  
For a considerable nucleation to occur, plume temperature should drop rapidly.  
Roughly, one can use the following estimation: pc T Q , where Cp is the metal vapor 
heat capacity.  This condition gives T~500 K for Au and ~670 K for Ni.  During 
femtosecond ablation in the presence of a background gas, such plume temperatures 
are achieved only at the plume thermalization stage.  Upon both mixing and 
thermalization process, the stopping distance of the plume ions and atoms is 
approximately estimated as follows [42] 
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where the collision cross section 1510ab
  cm2.  For bP =300 Pa and Tb=300K, the 
typical stopping length L~10
-2
 cm.  The total distance Ltot~Lf+L is typically reached by 
the delay of 1-5 µs.  Starting from this time, nucleation mostly takes place in the two-
component mixture, so that Ptot=P+Pb in Eq. 2.  If the background pressure is high 
enough, this effect bursts nucleation since saturation is reached much faster.  As a 
result, diffusion-driven nanoparticle formation prevails.  We consider this process in 
the next section. 
Diffusion-driven Nanoparticle Formation: Different Populations  
In the presence of a background environment, diffusion-driven nucleation and 
aggregation processes take place.  The firsts process leads to the formation of small 
nanoclusters (n-monomer nucleus), whose size is controlled by the free energy as 
follows 
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where k is the Boltzmann constant; T is the temperature in Kelvins; a is the effective 
radius; c0 is the equilibrium concentration of monomers; and   is the effective 
surface tension.  The peak of the nucleation barrier corresponds to the critical cluster 
size 
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The production rate of supercritical clusters is then given by  
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and the evolution of the singlet population is given by  
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and for s=2 the master equation is  
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where f is the kinetic parameter.  As a result, very narrow size distributions can be 
produced [
43
].  The cluster time-evolution can be described by a simplified master 
equation of Smoluchowski [43]  
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where Ns(t) is the time-dependent number density of the secondary particles 
containing s primary particles; Ks   Ss DDRR  114  is the attachment rate 
constant; 3/12.1 rsRs  ; r is the average radius of the primary particle; 
3/1
1
 sDDs  is 
the diffusion coefficient. In addition, in part of the presented calculations we include 
laser-induced nanoparticle fragmentation [44]. 
A series of calculations are performed with parameters typical for femtosecond 
laser ablation of gold.  Calculation parameters are similar to that in Ref. 43.  
The obtained results (FIGURE 5) clearly show that the peak is due to the nucleation 
process that provides critical sized clusters.   
(a)                                          (b) 
 
FIGURE 5.  Calculated size distribution obtained in calculations (a) – for a single pulse without 
fragmentation ( t=0.1 s); and (b) – for 10 pulses with and without fragmentation. Here, gold solution in 
water is considered a=1.59-10 , other calculation parameters are given in [43]. 
 
These small nuclei then grow due to the aggregation process shifting the distribution 
to the right, but the narrow peak can be still observed even at a quit long delay.  In 
addition, we include a possibility of laser-assisted nanoparticle fragmentation.  One 
can see in the FIGURE that when several pulses are applied, nanoparticle distribution 
is shifted to the right because there is more ablated material.  Fragmentation can create 
a hole in the distribution and can separate different particle populations (FIGURE 5b). 
SUMMARY  
Calculation results are presented for femtosecond laser interactions.  We have 
considered several mechanisms of nanoparticle formation.  he performed calculations 
have demonstrated the following 
(i) Primary particles are mostly ejected from the metastable liquid phase.  Part of 
them is also formed by nucleation. 
(ii) Longer evolution in the background gas or a liquid involves nucleation, growth 
and fragmentation thus providing a possibility for the formation of several 
populations.  
We note, finally, that the produced nanoparticles can be deposited on a substrate 
and form nanostructures.  Therefore, the presented study is of interest for many 
applications connected with both metallic nanoparticles and nanostructures. 
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